This paper presents a novel, green Knoevenagel procedure for the chemical transformation of benzaldehydes into their corresponding α,β-unsaturated acids. The essential part of this procedure is a solvent-free condensation which uses environmentally benign amines or ammonium salts as catalysts instead of pyridine and piperidine as used in the traditional Knoevenagel condensation. The condensation step is followed by a decarboxylation in the solid phase, resulting in high overall yields and purity. The influence of temperature and catalyst type on the yield of sinapinic acid was monitored for the reaction between syringaldehyde and malonic acid. After optimization of this reaction, its scope was explored for various types of benzaldehydes demonstrating a broad applicability of this procedure. The developed method provides good to an excellent conversion of various benzaldehydes and high selectivity to the respective α,β-unsaturated acids in an environmentally friendly and efficient way.
Introduction
The Knoevenagel condensation is one of the most important methodologies for carbon-carbon double bond formation in synthetic organic chemistry and allows the production of various α,β-unsaturated acids, commonly referred to as cinnamic acids (1) . These cinnamic acids are key intermediates for the synthesis of natural and therapeutic drugs, polymer, cosmetic, and perfumes (2) (3) (4) (5) . Generally, Knoevenagel reactions are carried out by the condensation of an active methylene compound with an aldehyde using large amounts of pyridine as a solvent and piperidine as an organocatalyst ( Figure 1 ) (6) .
For a variety of reasons, the use of pyridine as a solvent is not desirable and should be significantly reduced or eliminated (7, 8) . Pyridine is toxic and represents a significant health risk above a vapor concentration of 3500 ppm (9) . The use of ionic liquids has been examined as an alternative because of their unique properties, e.g. good solubility, non-flammability, negligible vapor pressure, and recyclability (10) . However, their industrial application is limited due to their high cost (11) . Another possibility is to exclude the solvent completely from the reaction medium (12) . These so-called solvent-free conditions can lead to additional improvements such as the reduced amount of catalyst needed, increased reaction rate and higher yield (13) . It is believed that solvent-free organic transformations are industrially useful and fit well with the principles of Green Chemistry (14, 15) .
There are also various examples that limit the exposure to the catalyst piperidine by coupling piperidine to a solid support (16) or by applying alternative organocatalysts such as dimethylamino pyridine and 1,2-diaminoethane (17) (18) (19) . Alternatively, Knoevenagel protocols have been developed that use Lewis acids such as LiOH, ZnCl 2 , InCl 3 , TiCl 4 , and NbCl 5 (20) (21) (22) and various heterogeneous solid bases as a catalyst (23) . However, the use of heavy metals for the synthesis of food and pharmaceutical products is not desirable because of their toxicity (24) .
The current procedure of the Knoevenagel reaction can be improved further, directed toward an environmentally friendly, efficient, and operationally simple condensation. Often, microwave reactions are used, but these also have their limitations on scalability, applicability, and energy use (25) (26) (27) (28) . The present work, therefore, explores the possibilities to conduct the Knoevenagel reaction of syringaldehyde and malonic acid without pyridine and piperidine using a solventfree condensation which employs environmentally benign amines and ammonium salts as catalysts (29) . After the reaction has been optimized for syringaldehyde, the scope of the method will be explored using various benzaldehydes with different electron-donating or electron-withdrawing groups, see Figure 1 .
Materials and methods

Materials and products
Syringaldehyde (1) and all other chemicals (99% purity) were purchased from Sigma-Aldrich and were used as received. DMSO-d6 was purchased from Cambridge Isotope with 99 atom% deuterated. For the spectral data of the products, see Supporting Information.
Methods
Instrumentation:
1 H-NMR spectroscopy measurements were performed on an Agilent 400-MHz NMR system with DMSO-d6 as a solvent. Data were acquired using the VnmrJ3 software. Chemical shifts are reported in ppm, relative to tetramethylsilane (TMS). HPLC analysis was carried out using a Liquid Chromatographic system (Agilent 1100 series) equipped with a diode array detector (Agilent 1200 series) and an autosampler injector with a 20-µL loop (Agilent 1100 series G1316A). The system was equipped with a Luna 5 µm C18 column (250 mm × 4.6 mm) using acetic acid:water: methanol (0.01:50:50, v/v/v) as the mobile phase. The flow rate was 1.0 mL/min at a temperature of 20°C. Agilent's ChemStation Software was used for data analysis. The quantitative determination of components in the reaction mixtures was carried out by the external standard method and was based on the peak areas.
LC-MS analysis was performed using a Liquid Chromatographic system (Agilent 1200 series) equipped with a Luna 3 µm C18 column (250 × 2.0 mm) and an ion trap (Agilent 6300 series).
Melting points were determined with a Büchi Melting Point B-540 apparatus.
Synthetic procedure
Protocol for optimized Knoevenagel condensation: Malonic acid (1.0 g, 10 mmol) was dissolved in a minimum amount (e.g. 2.5 mL) of solvent (often ethyl acetate although ethanol and water were also used). Syringaldehyde (1a, 0.90 g, 5 mmol) and piperidine (0.20 mL, 2 mmol) were subsequently added. Then, the solvent (ethyl acetate) was removed by distillation under reduced pressure at 40°C.
The solid was kept for 2 h at 90°C for complete conversion. Samples were taken for reversed-phase HPLC analysis and diluted in 7.5 mL methanol, filtered, and analyzed using the method described in Section 2.2. The calculated percentage of the peak area of the component of interest is in relation to the total area of peaks.
In the workup to sinapinic acid, the residue was dissolved in 10 mL of a saturated aqueous NaHCO 3 solution and subsequently acidified to a pH of 2 by using 6 M HCl. The resulting precipitate was separated by filtration and washed with (demineralized) water. After recrystallization in a mixture of water-ethanol (4:1, v/v), the crystals were separated by filtration, dried using a suction pump and dried at 60°C in a vacuum oven.
Results and discussion
As stated before, the Knoevenagel-Doebner reaction is traditionally carried out using pyridine as a solvent and piperidine as an organocatalyst. In our initial efforts to develop an environmentally friendly procedure, we explored the possibility to perform a pyridine-free condensation between syringaldehyde (1a) and malonic acid using piperidine as a catalyst in refluxing water, ethanol, and ethyl acetate ( Figure 2 ). The concentration of syringaldehyde in solution at different times was monitored using HPLC analysis. It was observed that sinapinic dicarboxylic acid (2a) was initially formed to a limited extent, followed by a quick decarboxylation resulting in sinapinic acid (3a). As previously reported by our research group (30) , the formation of 4-vinylsyringol (4a) was avoided at this relatively low temperature. High conversion toward sinapinic acid (>97%) was obtained after 7 h (Figure 3 ).
When sinapinic acid was subsequently isolated from the different HPLC samples by evaporation of the solvent much higher yields were obtained compared to the conversions from the HPLC measurements in solution. This observation gave rise to the idea that the evaporation of the solvent itself might promote the conversion of syringaldehyde toward sinapinic acid or that the reaction might proceed after the solvent has been removed.
In order to test this hypothesis, a new protocol was performed where syringaldehyde, malonic acid, and piperidine were dissolved in ethyl acetate and the mixture was immediately concentrated in vacuo at 40°C to obtain an effective mixing of the solids. After ethyl acetate had been removed, the resulting solvent-free mixture was placed at 77°C and the conversion of syringaldehyde was measured using HPLC ( Figure 3 ). Immediately after removal of the solvent (t = 0 h), the conversion of syringaldehyde was negligible. Once the solvent-free mixture was placed at 77°C, however, we observed a much faster conversion of syringaldehyde toward sinapinic acid than what was observed in solution. The step in which the reactants are mixed in solution preceding the solvent-free reaction can be skipped when working on a small scale. When working with larger badges, however, sufficient mixing in the solid state could not be accomplished, resulting in varying conversions and yields. Therefore, all subsequent reactions are first mixed properly in ethyl acetate prior to the solventfree reaction step.
To investigate the influence of the temperature after the removal of the solvent, the temperature at which the solvent-free mixture was kept was varied between 40°C and 130°C ( Figure 4 ). Higher temperatures increased the conversion rate of syringaldehyde (1a). At temperatures below 50°C, a low syringaldehyde conversion resulted only in sinapinic dicarboxylic acid (2a) (see supplemental information). At 90°C, complete conversion of syringaldehyde is reached after 120 min with almost 100% selectivity toward sinapinic acid (3a). At higher temperatures, the yield of sinapinic acid decreases because of a second decarboxylation reaction resulting in 4-vinylsyringol (4a), which in turn is followed by the formation of its dimers and trimers (see Supporting Information).
This simple and fast solvent-free procedure demonstrates that pyridine is no longer necessary as a solvent in this novel Knoevenagel condensation. Subsequently, we investigated the possibility to replace piperidine as the catalyst while using the optimized conditions from Figure 4 , i.e. 90°C and 2 h. Outright omission of piperidine resulted in a much lower reaction rate and yield of sinapinic acid (Table 1) demonstrating the role of piperidine as the catalyst. Next, a variety of amines and ammonium salts were tested as an alternative catalyst.
The first replacements for piperidine which were tested were other aliphatic amines. No apparent differences were observed between primary (butyl amine), secondary (dibutylamine), and tertiary amines (triethyl amine). The diamine 1,2-diaminoethane gave very high conversion and yields of sinapinic acid, but is very toxic. However, it can successfully be replaced by the less toxic 2-amino-ethanol. The commonly used hydroxylamine TRIS (2-amino-2-hydroxy-methyl-propane-1,3-diol), on the other hand, performed relatively poor.
There are several claims in the literature (1, 9, 18, 28) that pyridine is not only a solvent in the traditional Knoevenagel-Doebner condensation but also acts as a catalyst. In the case of the solvent-free procedure, this was confirmed. Besides pyridine, benzylamine was taken as an alternative aromatic amine, which gave better results compared to pyridine. Urea and glycine were also screened as benign alternatives to piperidine, but showed lower activity than the preceding amines.
Because these results suggested that the presence of nitrogen is the only essential prerequisite for the catalyst in the condensation reaction of the Knoevenagel reaction, several ammonium salts were screened. It was striking that these benign ammonium salts also gave high conversion and yields of sinapinic acid. We expect that the dissociation of the ammonium salts at higher temperature results in the formation of ammonia which serves as a nitrogen-based catalyst. Based on these observations, ammonium bicarbonate (NH 4 HCO 3 ) was selected as the catalyst for further optimization of the reaction.
The traditional Knoevenagel-Doebner condensation in solution requires a large molar excess of malonic acid to obtain high yields. As a final step in the optimization of this new solvent-free procedure, a reduction of the amount of malonic acid used was attempted. Reducing the amount of malonic acid from 2.0 equivalents to 1.2 equivalents had no negative effect on the reaction rate, conversion, or yield. When the amount of malonic acid was reduced further to 1.0 equivalent, a drop in the reaction rate was observed. Therefore, the molar ratio of syringaldehyde and malonic acid was set at 1.2 for larger scale experiments and the application of the solvent-free condensation reaction on other benzaldehydes.
Solvent-free reactions can be hard to scale-up because of poor heat transfer and insufficient mixing. However, this novel solvent-free Knoevenagel condensation did not show a drop in performance on 20 g of syringaldehyde. Furthermore, we were able to obtain sinapinic acid with a yield of 80% after recrystallization.
To investigate the scope of the solvent-free Knoevenagel condensation, various derivatives of benzaldehydes were screened using the optimized reaction conditions of syringaldehyde (Table 2) . Overall, high conversion of the aromatic aldehydes was achieved at 90°C after 2 h and there was no obvious difference between electron-withdrawing and electron-donating groups at the para-position of the benzaldehyde. In most cases, the corresponding cinnamic dicarboxylic acid (2) was the major product. The temperature of the reaction was therefore raised to 140°C, promoting the required decarboxylation leading to the respective cinnamic acids. For entries 1b-1i, this resulted in the formation of the proper cinnamic acids (3) . For the entries with a hydroxyl group on the para-position (3a, 3j, and 3k), this resulted in a second decarboxylation leading to the corresponding styrene analogues (4) (and their dimers and trimers). The second decarboxylation (and polymerization) is probably accelerated by the formation of the transient quinone-like structures of 3a, 3j, and 3k and seems to depend on the number of methoxy groups on the aromatic ring (31) .
Furthermore, it was remarkable that 3l was already fully converted to the styrene variant at 90°C. The second decarboxylation, in this case, is probably accelerated by the formation of the transient iminium ion-like structure of 3l.
In summary, it was found that a wide array of benzaldehydes can be used in this solvent-free Knoevenagel condensation with ammonium bicarbonate, although differences in reactivity are observed. However, the selectivity of the reaction can be controlled by optimizing the reaction time and temperature. The benzaldehydes missing a hydroxyl or amine group on the para-position are less susceptible for a second decarboxylation, and are therefore very suitable to be converted by this procedure to their corresponding cinnamic acids. Investigations into the role of ammonium bicarbonate in these catalytic reactions are ongoing in our laboratory.
Conclusion
In conclusion, we have developed a greener version of the Knoevenagel condensation using benign amines or ammonium salts as the catalysts. The use of pyridine and piperidine is avoided and the required excess of malonic acid is limited. The developed method with ammonium bicarbonate as a catalyst provides good to an excellent conversion of various benzaldehydes and high yields of the corresponding cinnamic acids in an efficient, rapid, and environmentally friendly way.
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